The amounts of circulating progesterone in human blood have been deduced from the content of pregnane-3a:20x-diol in urine, but this method is open to criticism on the ground that no correlation has been proved between the urinary excretion of pregnanediol and the level of the circulating progesterone. Further, pregnanediol may not be a metabolite only of progesterone, nor its only metabolite. Deoxycorticosterone, pregn-5-en-3fl-ol-20-one and cholesterol are also precursors of pregnanediol, and a number of related C21 steroids have been isolated from urine (Pearlman, 1948). Under pathological conditions, other precursors of pregnanediol and metabolites of progesterone might assume greater relative importance and invalidate an assumption perhaps adequate under physiological conditions. In the domestic animals, the identity of the urinary metabolites of progesterone is uncertain.
The amounts of circulating progesterone in human blood have been deduced from the content of pregnane-3a:20x-diol in urine, but this method is open to criticism on the ground that no correlation has been proved between the urinary excretion of pregnanediol and the level of the circulating progesterone. Further, pregnanediol may not be a metabolite only of progesterone, nor its only metabolite. Deoxycorticosterone, pregn-5-en-3fl-ol-20-one and cholesterol are also precursors of pregnanediol, and a number of related C21 steroids have been isolated from urine (Pearlman, 1948) . Under pathological conditions, other precursors of pregnanediol and metabolites of progesterone might assume greater relative importance and invalidate an assumption perhaps adequate under physiological conditions. In the domestic animals, the identity of the urinary metabolites of progesterone is uncertain.
A direct method of assay should overcome these difficulties, but the development of a technique of sufficient sensitivity to determine the low concentrations of progesterone present in body fluids has proved difficult. The methods that have been used for the assay of progesterone may be divided into biological and chemical. Emmens (1950) has reviewed the biological methods.
A chemical approach to the problem of progesterone assay was made by Reynolds & Ginsburg (1942) who developed a quantitative method based on the ultraviolet absorption at 240 m,u. of A4-3-ketosteroids like progesterone. Haskins (1950) considered that the relatively high extinction coefficient at 240 m,u. made progesterone readily measurable at optimum concentrations of 1-20 ,g./ ml. of ethanol.
Butt, Morris, Morris & Williams (1951) developed a method comprising extraction and partition between organic solvents, final separation of the individual steroids by chromatographic partition between aqueous methanol and n-hexane on Supercel columns, and subsequent polarographic estimation as a 3:20-diketosteroid. Recovery of progesterone added to plasma varied from 85 to 96 %, and concentrations of 0-1 ,pg./ml. of blood could be detected. The chromatographic separation of the individual steroids overcame the possibility of interference by other substances in the subsequent estimation, as was the case with the technique of Haskins (1950) .
The present paper describes a method of assay based on extraction and purification of the hormone by partition between organic solvents (Butt et al. 1951) , final separation by chromatographic partition on filter paper (Bush, 1952) , and subsequent estimation by ultraviolet-absorption spectroscopy (Reynolds & Ginsburg, 1942) .
EXPERIMENTAL METHODS (A) Extraction of biological material and preliminary fractionation
Two methods were investigated for the extraction and preliminary fractionation of progesterone from body fluids, necessary before its isolation by chromatographic technique may be attempted. The method first investigated differed from the final, second method described below in minor details and in employing CHC13 instead of ethyl acetate.
The second method was adapted from that of Butt et al. (1951) and is illustrated by the following example: oxalated blood (40 ml.) was added with stirring to 100 ml. of a 3: X (v/v) ethaniol-ethyl ether mixture. The mixture was stirrud for 5 min., centrifuged, the supernatant decanted and the precipitate washed twice by stirring with 50 ml. portions of the 3:1 ethanol-ethyl ether mixture, and separated by centrifuging. The combined extracts were concentrated in vacuo to about 20 ml. and diluted with 40 ml. distilled water. The diluted solution was extracted with 3 x 60 ml. ethyl acetate and the combined extracts evaporated to dryness in vacuo. The residue was transferred to a centrifuge tube by washing the flask three times with 3 ml. portions hot 70% aqueous methanol. The mixture was stored for 18 hr. at -15°, and then centrifuged at -100. The supernatant was decanted, diluted with 20 ml. distilled water, and extracted with 3 x 30 ml. light petroleum (b.p. 40-60').
The combined extracts were washed with 2 x 30 ml. water, reduced in vacuo to about 1 ml. and transferred with two washings of 0.5 ml. portions of light petroleum to a glass evaporating dish, for evaporation to dryness in vacuo over CaCl2. When dry, the residue was dissolved in about 0-1 ml.
benzene and transferred to the chromatogram filter paper with two further washings of 0-1 ml. portions of benzene.
(B) Final separation of progesterone by chromatographic methods Several chromatographic systems were investigated, the first two following the techniques described by Bush (1950 Bush ( , 1951 Bush ( a, b, 1952 , which were evolved for the study of adrenocortical steroids, but which are applicable to progesterone.
(i) Alumina paper Preparation of papers was carried out as described by Bush (1952 (ii) Partition on filter paper (a) Light petroleum-80 % aqueous methanol. The system follows that described by Bush (1952) . Two glass tanks, 11-5 x 7 x 20-5 in. high, were enclosed in an insulated cabinet with inside measurements of 36 x 22 x 30 in. high. Heat was supplied by four asbestos woven resistance nets 6-5 x 8 in., resistance 150 Q (Cressal Manufacturing Co., Birmingham 19). Two of these were in series at one end of the cabinet, shielded by an asbestos baffle plate, and were in parallel with two other nets similarly arranged at the other end of the cabinet, which gave a total wattage of approximately 267. The temperature was controlled by a thermostat (Sunvic T.S. 1, Sunvic Controls Ltd., London, W.C. 2). The air was circulated by a fan, 14 in. diam., suspended from the lid, with the motor outside. This gave a maximum spatial difference of about 10. The temperature was maintained at 34'. The arrangement of the tanks allowed the running of four chromatograms at one time,, two in each tank.
Two wads of filter paper were suspended in the tank, against the longer walls, one soaking up the mobile phase (light petroleum b.p. 80-100°), which covered the bottom of the tank to a depth of about 2 cm., and the other the stationary phase (80 % aqueous methanol), which was contained in a trough holding 50-100 ml. The tank was sealed by Plasticine pressed round the outside ofthe junction between the walls and the lid.
Whatman no. 1 filter paper was cut into rectangles 20 cm. wide and 50 cm. long. The start line was ruled 6 cm. from one end of the paper, and a 2 cm. length dipped into an upper trough containing the mobile phase, being supported by the weight of a glass rod passed through two slits cut 1 cm. from the end of the paper. A descending flow of 38 cm. took about 120 min., the flow being faster the further the paper was hung from the aqueous methanolsoaked pad and the nearer the light petroleum pad. It was essential to hang the chromatogram paper parallel to the solvent pads, and not at an angle, to avoid an oblique solvent front.
Improved chromatograms were obtained by chromatographically washing the paper with light petroleum and drying at room temperature before use. This removed from the paper some of the impurities which absorbed ultraviolet light.
The extracts in about 0 3 ml. of benzene were added to the paper as two parallel lines about 5 mm. apart, at right angles to and reaching the previously selected start line. The extracts were then concentrated by running an ascending flow to the start line with a mixture of ethyl acetate, CHC01 and methanol (5:5: 1; v/v), in which mixture progesterone had Rp 1-0.
After concentrating the extracts at the starting line, the paper was suspended in the tank and left overnight to equilibrate. At the same time the mobile phase was left in the cabinet to attain the temperature of 340, and the next day was poured into the upper trough through a hole in the glass lid by means of a funnel. The hole was resealed immediately to prevent any change in the equilibrium within the tank. The light petroleum on the bottom of the tank was replenished after each run by adding the solvent remaining in the upper trough, and the 80 % aqueous methanol in the lower trough was replaced as often as necessary. It is usual for the two phases in any system to be mixed and allowed to separate at the operating temperature, but as these two phases are almost completely immiscible, good chromatography was achieved without prior mixing.
The chromatogram was dried in air at room temperature and pinned down over Ilford Reflex Contact paper no. 50, better contact being obtained on a convex surface formed by bending a sheet of three-ply wood (Markham & Smith, 1949) . The chromatogram was then exposed for 2 sec. to ultraviolet light, at 60 cm. from a lamp emitting most of its energy in the 254 m,u. region.
(b) Light petroleum-water-cellulose complex. It was clearly desirable to establish a second chromatographic system in which to examine the behaviour of substances separated by the method just described, and in which progesterone could, if possible, be made to run with a lower Rp. Consistency of behaviour in a second system constitutes a more definite identification of an unknown substance. The apparatus and methods described for the light petroleum-80 % aqueous methanol system were used with the other systems investigated, modifications being mentioned as necessary.
Chromatograms of pure progesterone and of extracts of blood to which progesterone had been added were run with light petroleum (b.p. 80-100°) on Whatman no. 1 filter paper. Using the descending flow system, equilibration times of 18 and 48 hr. and temperatures of 18 and 340 were employed.
(c) Aqueous propanol-water-cellulose complex. Various proportions of propanol in distilled water were used to run, on Whatman no. 1 filter paper, chromatograms with pure progesterone and with extracts of blood to which progesterone had been added. Equilibrationlastedfor 16-18 hr. and the chromatograms were run with the descending system at 18°.
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VoI. 54 51 D. G. E (iii) Reversed phase chromatography Kritchevsky & Tiselius (1951) described the reversed phase partition chromatography of steroids on siliconetreated paper, in which the non-polar phase is held stationary and the more polar phase is the moving one. The following two experiments were based on their technique.
Preparation of paper. A sheet of Whatman no. 1 filter paper, 10 x 50 cm., was drawn through a 5 % (v/v) solution of Dow Corning Silicone no. 1107 in CC14, blotted between absorbent paper and baked for 2 hr. in an oven at 960.
(a) Aqueous ethanol-chloroform. This is the solvent system used by Kritchevsky & Tiselius. Water, absolute ethanol and CHC13 (6:10:10; v/v) were mixed and kept 1 hr. at room temperature. The upper phase which separated out was the more polar. The non-polar phase was run into the bottom of the glass chromatography jar, and the chromatogram developed with the more polar ethanol-water phase in the descending manner, after the paper had hung in the atmosphere of the stationary phase for 1 hr. After running, the chromatogram was dried for 15'min. at 960, and the spots detected by exposing to ultraviolet light over contact paper. Various proportions ofthe solvents were examined, with and without prior mixing of the two phases.
(b) Aqueous methanol-benzene. Silicone-treated paper, prepared as previously described, was used with benzene as the stationary phase and various proportions of water and methanol as the mobile phase. The experiments were carried out at room temperature, both with and without prior mixing and separation of the two phases, and at 340 with prior mixing of the phases.
(C) Elution of progesterone from the chromatogram
The position of the spot of progesterone on the chromatogram was determined by placing the contact photograph behind and in contact with the paper, positioning by means ofthe pin holes made at the time ofphotographing. A source of light behind the contact photograph showed the spots through the filter paper, and these were outlined lightly in pencil. A piece of paper, slightly larger than the area of the spot, was cut out and tapered to a point at one end, and another piece of the same size was cut from an area at the same level on the chromatogram, to be used after elution as the blank solution in the subsequent ultraviolet-absorption analysis. The apparatus for elution consisted of a reservoir above a bent capillary tube, with a stainless steel wire for controlling the flow of eluent, and a small plate of glass held by a rubber band to press the paper against the lower end of the capillary. A short length of fine glass rod, bent double, DGAR I953 guides the eluate from the lower end of the paper into the receiving tube. The apparatus was suspended through a hole in the lid of a glass jar. Between 2 and 3 ml. 96 % ethanol were used as eluent, and the atmosphere was saturated with the vapour from this solvent by pouring a few ml. on to the floor of the jar.
(D) Estimation of progesterone by ultraviolet absorption spectroscopy
Amounts of crystalline progesterone varying from 60 to 3-75 jg., eluted in 3 ml. 96 % ethanol, were examined with ultraviolet light in a Beckman Model D.U. spectrophotometer against equivalent blanks from the same level on the chromatogram. Fused silica cells 1 cm. wide and with a capacity of 2-5 ml. were used. The extinction coefficient, E, for each concentration was measured from 224 to 276 my. and, from quantitative comparisons made at the absorption maximum at 240 my., characteristic ofthe A4-3-ketosteroids (Reynolds & Ginsburg, 1942 ), e,M was calculated.
To demonstrate the possibility of interference in the spectroscopy by impurities from the filter paper, the absorption spectrum of the eluted blank was compared with 96 % ethanol.
(E) Recovery of progesterone added to blood in vitro To 40 ml. samples of oxalated blood from the external jugular vein of a castrated male sheep were added varying amounts of crystalline progesterone in solution in small volumes of 96% ethanol. After shaking for 30 sec., extraction, chromatographic partition and spectroscopic estimation were carried out as previously described. The same volume of blood, without the addition of progesterone, was similarly examined as a control. To discover any effect on progesterone of blood in vitro, a sample was incubated for 1 hr. at 370, after the addition ofprogesterone and before the commencement of extraction. RESULTS (A) Extraction of biological material and preliminary fractionation Using the first method, together with the aluminapaper chromatographic system described, recoveries of progesterone added to blood in vitro were of the order of 50 % as judged by the size and density of the chromatogram spots obtained, compared with spots containing known amounts of pure progesterone. The second method combined with the light petroleum-80 % aqueous methanol chromatographic system described, gave recoveries of the order of 75% of progesterone added to blood (Table 1) .
(B) Final separation of progesterone by chromatographic methods (i) Alumi-na paper Quantities of pure progesterone from 2 to 50 ,ig.
could be detected, but the R. values varied slightly with the amounts of the steroid present, tending to be greater for larger amounts. Good separations were obtained of progesterone (RB 0.75), oestrone (RF 0.46), oestradiol (R, 0-21) and oestriol (left on origin), with a mixture of benzene and chloroform (3:1; %) run on a paper of optimum absorption activity. Several estimations were made of known amounts of progesterone added to blood, recoveries being of the order of 50 %. Incubation of the blood for 1 hr. at 370, after the addition of progesterone and before the commencement of the extraction process, did not reduce the recovery rate.
(ii) Partition on filter paper (a) Light petroleum-80 % aqueous methanol.
A mixture of progesterone, 11 -deoxycorticosterone 21-acetate, and testosterone was efficiently separated into its components, having, respectively, R.
values of 0y85, 0 70 and 0 40. Amounts of crystalline progesterone, ranging from 1 to 60 jig., were handled quantitatively by the system, no variation in R. occurring due to concentration of the material.
(b) Light petroleum-water-cellulose complex. At room temperature pure progesterone ran with an R, of about 0 50, but there was considerable 'trailing' and larger amounts had a higher R.. The results were the same with equilibration times of 18 or 48 hr. At 340, the R, was slightly increased but the variability with the amount of steroid remained.
Reasonable recovery was obtained of 20 ,ug. of progesterone added to 10 ml. plasma, after extraction and running the chromatogram at 34°, but there was considerable 'trailing', and some progesterone remained on the starting line.
(c) Aqueous propanol-water-cellulose compleX.
10 % Aqueous propanol gave a very diffuse spot of pure progesterone at RB 0 42. A compact spot at R, 0 90 was obtained with 25 % aqueous propanol, while 15 % gave fairly compact spots at RB 0-69, and handled quantitatively a series of from 1 to 16,ug. of pure progesterone. Extracts of blood to which progesterone had been added were examined with 15 % aqueous propanol, but progesterone remained at the starting line along with most of the extracted impurities, although the control crystalline progesterone gave the expected chromatographic response.
(iii) Reversed phase chromatography When extracts of blood to which progesterone had been added were run chromatographically in these systems, the progesterone was held at the starting line with the impurities from the blood extract. When chloroform was the stationary phase, and various proportions of absolute ethanol and water the mobile phase, without prior mixing with the chloroform, compact spots of pure progesterone were obtained, the values for 50, 60 and 95 % ethanol being, respectively, 0 39, 0-80 and 0-96. Again, however, progesterone was held at the starting line by impurities in the blood extracts run in these systems at 180. When pure progesterone was added at the starting line after and on top of such an extract, it moved with only a slightly lower R1, than the control pure hormone.
(b) Aqueous methanol-benzene. When the mobile and stationary phases were mixed and allowed to separate, and the chromatograms run at room temperature or at 340, in every case the chromatography was a failure due to the removal of silicone from the paper by the benzene in the mobile phase. In the same way it was found that when substances were concentrated at the starting line by the preliminary run with the ethyl acetate-chloroformmethanol mixture, there was partial removal of silicone from the paper, although this did not appear to interfere with the subsequent chromatography.
When the phases were not mixed, compact spots with the R, values shown in Table 2 were obtained at 180. The absorption spectra of three concentrations of pure progesterone in 96 % ethanol are shown in Fig. 1 . From the data in Table 3 The extinction coefficients of the greatest and the least have also been adjusted to the intermediate concentration.
The filter paper was found to contain material which absorbed strongly in the same region as progesterone, and if the eluted blank portion of paper differed in size or position on the chromatogram from that contamiing the progesterone spot, -the absorption spectrum of the latter was distorted, and the absorption maximum differed from 240 mj. Prior chromatographic washing of the filter paper with light petroleum reduced this contamination.
(E) Recovery of progesaterone added to blood in vitro Recovery of progesterone added to blood in vitro was of the order of 75 %, and no further loss resulted after incubation at 370 for 1 hr. (Table 1 ). On no occasion was progesterone found in oxalated blood from a castrated male sheep when the hormone had not been previously added, which means that less than 4 pg. were present in 40 ml. blood. 
DISCUSSION
Recoveries of the order obtained by the second extraction method were considered reasonable in view of the number of steps in the procedure, and this has been adopted as the first stage of the assay technique.
Some difficulty was found in preparing alumina papers of standard quality, considerable variation occurring between one batch and the next. The elimination of the displacement effects due to impurities would demand tedious prior purification of biological extracts. In view of the disadvantages found, this chromatographic method was abandoned.
In the light petroleum-80 % aqueous methanol chromatographic system ((ii) (a)), progesterone ran at a high R., and there was a tendency for incomplete separation from impurities travelling at or near the solvent front. In such a case, complete separation was usually achieved by eluting and rerunning the material in the region of R. 0 85. The technique gave an efficient separation and semiquantitative estimation of progesterone and has been adopted as the second stage of the assay method. It appears that the reversed phase partition system devised by Kritchevsky & Tiselius (1951) achieves an effective separation of pure substances, but is unable to separate these from the impurities contained in blood extracts. The properties of the silicone-treated paper were apparently changed by washing with organic solvents. The reversed phase system evolved ((iii) (b)) has proved valuable in the examination of naturally occurring progesterone 54 I953
